1. Introduction {#sec1-sensors-19-00407}
===============

In response to the increasing human population (estimated 9.15 billion by 2050) \[[@B1-sensors-19-00407]\], urbanization rates, and income growth rate, the demand for livestock products during the last 40 years has dramatically increased. For example, chicken meat production has increased by a factor of nearly 5, while beef and pork production has more than doubled \[[@B2-sensors-19-00407]\]. Confined and intensive livestock production systems in industrialized countries are the source of much of the world's poultry and pig meat production, whereas such systems are being established in developing countries, particularly in Asia, to meet the increasing demand. The intensification of production has led to significant challenges regarding health and welfare status of farm animals which nowadays are vulnerable to various transboundary infectious agents, causing diseases such as foot-and-mouth disease, classical and African swine fever that are a continuous threat to the animal's health and welfare and significantly undermine animals' productivity and the sustainability of the whole value chain of meat production.

During the last decades a reduction in the direct burden of livestock diseases has been observed, as a result of more effective treatments, vaccination and improvements in diagnostic technologies and veterinary services in developing countries \[[@B3-sensors-19-00407]\] which are an outstanding reservoir of the emerging and re-emerging infectious diseases in livestock production. Nevertheless, swine viruses are an emerging threat already ravaging Europe. In this context, early field diagnosis is considered the first line of defense. Unluckily, to date, the time between initial disease outbreak, sample transportation and laboratory confirmation of the etiologic infectious agent can be up to several weeks or months. An early diagnosis and the establishment of reliable countermeasures to infectious disease outbreaks are essential to limit severe animal's health and socio-economic consequences. Thus, the need for the development of mobile diagnostic units has been widely recognized. Reliable, quick and simple diagnostic testing directly on site would enable rapid evidence-based decision-making processes and targeted control strategies which are crucial to prevent further spreading of the disease. Consequently, the demand and the availability of mobile testing systems have been rapidly increasing \[[@B4-sensors-19-00407],[@B5-sensors-19-00407],[@B6-sensors-19-00407],[@B7-sensors-19-00407],[@B8-sensors-19-00407]\].

Traditionally, virus detection in the laboratory relies on two different approaches: direct detection of the pathogen by polymerase chain reaction (PCR), enzyme-linked immunosorbent assay (ELISA) or cell culture-based virus isolation, and/or detection of circulatory antibodies in blood samples. The first approach is time consuming and need at least 2--3 h to be performed, while the later one although fast, simple and often informative, neither coincides with the timing of infection nor it necessarily correlates robustly with clinical signs, and the phase of the clinical disease.

Currently rapid diagnostics systems are designed to detect the nucleic acid or protein of the infectious agents. The vast majority of these systems rely on nucleic acid extraction, purification, and PCR-based amplification and detection. PCR amplification methods are very sensitive but often produce false positives from trace contamination of the specimen/equipment. Additionally, nucleic acid-based tests do not provide information on the viability/infectivity of the detected microorganism and often cannot be multiplexed to more than few targets.

In recent years, silicon based Photonic Integrated Circuits (PIC) have been demonstrated as a powerful platform for bio/sensing based on monoclonal antibodies. PIC can provide portable multiplex detection of proteins, with sensitivity and specificity previously unknown \[[@B9-sensors-19-00407],[@B10-sensors-19-00407],[@B11-sensors-19-00407]\].

PICs are devices, on which different optical components and electrical parts are integrated thought the integrated optics technology and their main application is in optical fiber communications.

The method used for PICs fabrication is based on the wafer-scale technology, that including lithography technique, using as substrates silicon, silicon nitride or silica. In all cases, the employed substrate material determines features and limitations of the technology.

PICs can host large arrays of identical structures or contain complex circuit configurations. However, nowadays the achievable complexity is still not as high as for electronic integrated circuits.

Due to these characteristics, PICs are proposed as an emerging technology that may yield novel applications in the field label-free sensor for chemical and biological detection. In fact, the tight confinement of light in integrated structures leads to an increased light-matter interaction that can be exploited to implement the detection of the analytes through the change of the optical properties of the PIC.

At the moment, the first commercial products, for different applications, were been introduced on the market ([www.genalyte.com](www.genalyte.com)).

The SWINOSTICS (swine diseases field diagnostics toolbox) project ([www.swinostics.eu](www.swinostics.eu)) \[[@B12-sensors-19-00407]\] aims to develop a novel field diagnostic device, based on advanced, proven, bio-sensing technologies to tackle emerging and endemic, complying with the objectives of the International Research Consortium of Animal Health (STAR-IDAZ) \[[@B13-sensors-19-00407]\].

The SWINOSTICS approach is based on the combination of photonic integrated circuit (PIC) technology and nano-deposition technology to detect six different swine viruses.

The aim of the present paper is to describe the overall concept with particular attention to the target diseases, the state of the art in pathogen detection and the innovation of the SWINOSTICS approach. In [Section 3](#sec3-sensors-19-00407){ref-type="sec"}, we present the overall design and architecture of the device and finally in [Section 4](#sec4-sensors-19-00407){ref-type="sec"}, the field validation plan.

2. SWINOSTICS Overall Concept {#sec2-sensors-19-00407}
=============================

The SWINOSTICS diagnostics targets are important emerging and endemic swine viruses, namely: African swine fever (ASF) \[[@B14-sensors-19-00407]\], Classical Swine Fever (CSF) \[[@B15-sensors-19-00407]\], Porcine Reproductive and Respiratory Syndrome (PPRS) \[[@B16-sensors-19-00407]\], Porcine Parvovirus (PPV) \[[@B17-sensors-19-00407]\], Porcine Circovirus 2 (PCV2) \[[@B18-sensors-19-00407]\] and Swine Influenza A (SIV) \[[@B19-sensors-19-00407]\].

The majority of existing and widely used diagnostic technologies rely on the following: (1) growing the infectious agent in cell culture \[[@B20-sensors-19-00407]\]; (2) observing the infectious agent by light or electron microscopy \[[@B21-sensors-19-00407]\]; (3) detecting humoral immune responses against an infectious agent with serological assays such as complement fixation, hemagglutination inhibition and ELISAs \[[@B22-sensors-19-00407],[@B23-sensors-19-00407]\]; (4) detecting viral/microbial nucleic acid by some form of PCR/RT-PCR, hybridization with viral specific probes or non-amplification methods \[[@B24-sensors-19-00407],[@B25-sensors-19-00407],[@B26-sensors-19-00407],[@B27-sensors-19-00407],[@B28-sensors-19-00407],[@B29-sensors-19-00407]\]; and (5) detecting viral/microbial protein antigens in tissues by immunofluorescence/immune peroxidase and in fluids by sandwich ELISAs and immune-chromatography \[[@B30-sensors-19-00407],[@B31-sensors-19-00407],[@B32-sensors-19-00407],[@B33-sensors-19-00407],[@B34-sensors-19-00407],[@B35-sensors-19-00407],[@B36-sensors-19-00407]\]. All of them are not properly suitable for a portable filed device.

[Table 1](#sensors-19-00407-t001){ref-type="table"} presented the main sample media in which these viruses are detected by current diagnostic practices and by those used in our approach.

The SWINOSTICS device ([Figure 1](#sensors-19-00407-f001){ref-type="fig"}) will provide results in less than 30 min for five samples simultaneously, making it highly suitable for use in the field. It will be connected through a mobile application for prompt data distribution and analysis. The modular design allows future upgrades and the use in parallel of additional biosensor cartridges to increase the number of analytes simultaneously detected.

The main technical advantage is the application of three novel and already validated technologies:Photonic Integrated Circuit (PIC) technology, as the basis for the development of the biosensors;Label-free optical detection, based on refractive index sensing through ring resonators;Nano-deposition technology \[[@B50-sensors-19-00407],[@B51-sensors-19-00407]\], used for the biosensors. The selectivity of this technology allows the development of nano-arrays capable to simultaneously determine the presence of the different analytes of interest with high specificity.

SWINOSTICS innovation
---------------------

The SWINOSTICS innovation is at various levels. The key SWINOSTICS features are summarized below:The SWINOSTICS device will be the only field-use device capable of the detection of six important swine viruses of particular interest for the European and global economy.The device will use oral fluids as a sample for the analysis. This simplifies the sampling and minimizes the time needed for the test (no sample treatment is needed) allowing also the analysis of wild boar samples collected through adequate lures. The device will anyway be compatible with the use of other types of samples, such as faeces, blood or nasal swabs.The sample analysis will require less than 30 min. Additionally, five sensors, working in parallel, will be available within the device, to process up to five samples from five different animals simultaneously.The detection of the infectious agents is made using novel biosensors. The patented, nano-deposition technology used to develop the bio-sensing surface allows the specific determination of the presence of the biomarkers of interest.The PIC sensors that will be used in the device do not require the use of a fluorescent label for the detection (label-free detection).The increased sensitivity of the sensors is supported by the use of commercial monoclonal antibodies against the targeted viruses, which will be immobilized in an oriented manner on the PIC surface.The expected sensitivity and specificity levels are about 95% and 90%, respectively.Cost-effective and mass production suitable fabrication process of the PIC sensors. The fabrication technology will be CMOS (Complementary metal--oxide--semiconductor)-compatible.The device will integrate a biosensor regeneration mechanism, to make each PIC reusable for at least up to 100 times.

3. SWINOSTICS Device Overall Design and Architecture {#sec3-sensors-19-00407}
====================================================

In this section, we present the overall design of the SWINOSTICS device. The system requirements were identified during the initial months of the project and according to the stakeholders and the end-users' requirements. The device is composed of five separate functional modules as shown in [Figure 2](#sensors-19-00407-f002){ref-type="fig"}: the biosensor module, the optical analysis module, the temperature conditioning module, the bio-sensing surface regeneration/preservation module and the process, control and communication module.

3.1. SWINOSTICS Biosensor {#sec3dot1-sensors-19-00407}
-------------------------

The analytical core module is the biosensor. It is made up of four main components: the microfluidic subsystem, the bio-sensing surface, the photonic transducer system, and the optical analysis module. These main building blocks will be controlled through the appropriate process control and communication module.

### 3.1.1. Microfluidic Subsystem {#sec3dot1dot1-sensors-19-00407}

The microfluidic subsystem is responsible for the delivery of the sample and buffer liquids to the bio-sensing surface (i.e., the inner surface to the ring resonator). It deals with the flow and distribution of fluids that are constrained to sub-millimeter channels in the dimension about 600 μm wide and 300 μm deep. The flow will be 30 μL/min. The microfluidic subsystem (chip) will be made of PMMA (Poly Methyl Methacrylate). It will consist of one single fluidic inlet and one single corresponding outlet, which is connected via tubing with a peristaltic micro-pump and allows the insertion of the bio-sensing surface sensor chip underneath (sealed by an elastomer sealing).

### 3.1.2. Photonic Transducer {#sec3dot1dot2-sensors-19-00407}

It contains the bio-sensing core. The transducer will be constructed using highly compact PIC-based detectors for biochemical sensing. CMOS technology will be used for the implementation of the PIC and in this case the underlying target design also consists of high-Q filtering structures. In each circuit there are three rings: one to compensate derivatives, another for the negative control of the detection and a third one for the measurement.

Ring resonators are manufactured on Silicon Nitride (Si~3~N~4~) over a BOX substrate. The full layer stack is built on a silicon substrate, with a deposition of 300 nm of nitride, remaining a buried oxide layer (BOX) of 3.25 μm. PIC structures are fabricated at silicon nitride layer then an extra layer of silicon oxide is deposited as top cladding. In SWINOSTICS project, it is planned to use vertical coupling by means of focal grating couplers (GC) due to the versatility it provides to the design. Then, due to the required resolution, fabrication techniques as deep UV or electron beam are required on PIC fabrication. Each ring resonator will have its own output finished with a grating coupler. In this way, the response of each ring will be treated separately to maximize the dynamic response of the sensors and to simplify the algorithm for tracking sensor response.

PIC fabrication process will be based on standard photolithography techniques (electron beam and UV mask photolithography). A direct writing photolithography process will be optimized to transfer the patterns into a positive resist. The resist will be deposited by spin coating using an EVG101 system on the silicon nitride substrate prior to an optimized photolithography process.

After exposing the patterns, the resist will be developed. The developed resist could be used directly as etching mask or to create a metal mask by an evaporation/lift-off process. Finally, the silicon nitride layer will be etched by an ICP-RIE tool, which uses fluoride gases. After that, a PECVD process will be used to cover the sample/wafer with a silica upper cladding of 1 micron thick. Finally, a second photolithography step as described will be used to open windows in the sensing areas. The [Figure 3](#sensors-19-00407-f003){ref-type="fig"} shows a SEM image of a typical grating coupler and ring resonator.

The mentioned fabrication process can be used on complete 4 or 6 inch wafers or for smaller samples, which can be employed to adjust building blocks and fabrication processes.

The approach used for the functionalized PIC active-surface preparation will be to first perform derivatization with the specific reactive-group (amino and/or carboxylic group) and then functionalize it with commercial monoclonal antibodies, selected as molecular recognition elements (MREs), against the targeted viruses. As shown in [Figure 4](#sensors-19-00407-f004){ref-type="fig"}, the functionalized surface will be able to capture the specific viruses present in the sample. The antibodies will be used to derivatize the PIC surface and contribute to fundamental aspects of the sensor, such as affinity, selectivity and sensibility. For this purpose, we plan to use commercial monoclonal antibodies against the targeted viruses and immobilize in oriented manner the molecules on the surface in order to increase the performance of the surface ([Figure 4](#sensors-19-00407-f004){ref-type="fig"}) \[[@B52-sensors-19-00407]\]. The oriented immobilization will bind the carboxyl terminal of the Fc-region to the surface to increase the antigen binding capacity of each antibody.

During the measurement, the sample will be conducted by the microfluidic system to the PIC transducer. In the transducer, if the binding of the viruses to the MRE takes place, it is translated in a positive optical signal of detection.

The sensor system will be based on fabricating cost-effective and mass production sensors with multi-analyte capabilities consisting of an array of nano-rings. Each ring in the PIC will be functionalized with a specific probe, achieving multi-analyte sensing in a single chip. In addition, PICs will be fabricated at wafer scale with CMOS compatible technologies resulting to cost-effective sensor chips. Silicon-based nanofabrication is now a mature technology with several companies already placing silicon photonic devices on the market. Of course, there is still room for R&D in terms of more complex and higher-functionality devices. Silicon photonics is in fact being touted as the most likely successor to electronics in the interconnections between microprocessors in data centers and high-end computers. The sensors developed in SWINOSTICS will certainly benefit from both already achieved technological advances in the field and from the mass market, which will reduce the production costs due to economies of scale. To this end, the exclusive use of silicon-based materials, such as silicon nitride and silicon dioxide for the fabrication of the photonic nano-devices employed means that the fabrication technology will be CMOS-compatible. The Si~3~N~4~ waveguide has a lower refractive index contrast and shows reduced sensitivity to temperature changes with respect to Silicon on Insulator (SoI).

### 3.1.3. Optical Analysis Module {#sec3dot1dot3-sensors-19-00407}

The optical analysis module is responsible for "reading" the biosensors output. The module includes the fiber optic interfaces between the sensor cell and the optical components, such as the laser module and the detectors. The optical analysis module will operate in close conjunction with the temperature-conditioning module and with the microfluidic interface. The optical subsystem will be based on a transfer function measurement of the chip, using a tunable laser source and a photodetector connected with a fiber optic. A reference wavelength-sweeping signal from the laser will be measured continuously (power and wavelength), and the power transmitted from the circuit will be simultaneously measured.

### 3.1.4. Temperature Conditioning Module {#sec3dot1dot4-sensors-19-00407}

To provide accurate and consistent results during the analytic procedure, the developed PIC biosensors require a stable temperature. For this reason, an analysis chamber will be available within the SWINOSTICS device. A temperature of about 20 °C will be used in the analysis chamber, even though the final value will be selected after optimizing the analytic protocol. The temperature-conditioning module will be responsible for maintaining the temperature within the analysis chamber, as long as the instrument is powered. A temperature control loop will be developed, based on a temperature sensor and a Peltier actuator (for both heating and cooling) \[[@B53-sensors-19-00407]\].

3.2. The Process for Bio-Sensing Surface Regeneration and Preservation {#sec3dot2-sensors-19-00407}
----------------------------------------------------------------------

Our concept foresees the reuse of the bio-sensing surface after each measurement. In order to achieve this, post-testing, the bio-sensing surface, will be washed extensively for 5 min with a regeneration buffer to free the antibodies from the antigens. Different buffers will be tested such as glycine/HCL 50 mM pH 3.0 or ethanolamine 50 mM at pH 9.0. After this step, the surface will be washed again with a PBS buffer pH 7.4 for 10 min. Thereby the biosensor will be ready for immediate or future re-use. This will allow the reuse of the same PIC for at least up to 100 times. After this number of assays, the user will have to replace the sensor. For this purpose, a dedicated module and a specific algorithm will be developed for delivering the buffers to the PIC biosensor and controlling the regeneration procedure. Also, in order to prevent possible contamination between two measurements, due to use clinical sample, a sanitation step will be performed. For this purpose, ethanol at 70% *v*/*v* will be used to sanitize the tubes a microfluidic system before each measurement.

3.3. Processing, Control and Communication Module {#sec3dot3-sensors-19-00407}
-------------------------------------------------

The SWINOSTICS device will include its own processing unit for controlling the device operation ([Figure 5](#sensors-19-00407-f005){ref-type="fig"}), acquiring the data from the sensors, performing basic calculations and transmitting the sensor readings to a nearby tablet that will act as the user interface to the device. The processing unit also provides the necessary interfaces for communicating with the tablet (Bluetooth, Wi-Fi) and for being powered through the mains or through the integrated battery. The tablet will also communicate with a cloud-based software service where all results will be stored and immediately available to the end-users. The main device operation will be kept simple and handy requiring just the sample injection and the click of a button on the tablet interface.

4. Field Validation {#sec4-sensors-19-00407}
===================

The device, biosensors and overall approach will be validated and verified through intra-laboratory studies using both laboratory reference samples and field samples from pigs and wild boars. Validation will be done first with reference samples and then with field samples from four EU countries (Italy, Greece, Poland and Hungary) most at risk for epidemics along the geographical path of the epidemic's diffusion.

The SWINOSTICS device will be an innovative, quicker and cheaper alternative to the current laboratory testing performed using sophisticated laboratory equipment. The proposed technical solutions will reduce the costs and the time required for testing and will make it possible to perform accurate analysis directly on the field for a broad panel of important pathogens of swine ([Figure 6](#sensors-19-00407-f006){ref-type="fig"}).

The use of oral fluids as the main input diminishes the time needed for the analysis and simplifies the sample collection, allowing also the collection of wild boar samples through adequate licking/chewing-lures. Moreover, oral fluids are the easiest and most convenient samples to collect for farmers, veterinarians, but also for non-expert potential end-users of the device, such as hunters and the sampling includes absolutely non-invasive techniques.

Nevertheless, if the virus concentration in oral fluids proves to be too low for certain diseases, the device will be able to receive as an input pre-processed samples of different type such as nasal swabs, faeces or blood. The possibility to use different type of samples as an input is an added value, since viruses might not always be detectable in oral fluids in adequate concentration for all the targeted diseases.

5. Conclusions {#sec5-sensors-19-00407}
==============

In this paper, we describe the preliminary architecture and design of the SWINOSTICS portable device. The approach takes advantage of three novel and validated technologies: (a) Photonic Integrated Circuit (PIC) technology, (b) Label-free optical detection, based on refractive index sensing through ring resonators, (c) a nano-deposition technology used for the biosensors developing to detect in viruses in oral fluid such as saliva.
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![Schematic representation of the target application of the SWINOSTICS (swine diseases field diagnostics toolbox) device. Three main steps are needed: sampling, analysis and virus detection.](sensors-19-00407-g001){#sensors-19-00407-f001}

![Overall design and architecture scheme. Five separate functional modules compose the SWINOSTICS device: biosensor, optical analysis module, temperature conditioning module, bio-sensing surface regeneration and preservation module and finally process, control and communication module.](sensors-19-00407-g002){#sensors-19-00407-f002}

![SEM images of silicon nitride grating coupler (**left**) and ring resonator (**right**).](sensors-19-00407-g003){#sensors-19-00407-f003}

![Functionalized photonic integrated circuit (PIC) surface measurement (**A**) and regeneration step (**B**).](sensors-19-00407-g004){#sensors-19-00407-f004}

![Main processing unit involved in the control and communication of the device.](sensors-19-00407-g005){#sensors-19-00407-f005}

![Field application of the SWINOSTICS device. The device will work on the field (Pig farm, veterinary, etc.) and the data will be transferred trough the mobile app to the cloud system.](sensors-19-00407-g006){#sensors-19-00407-f006}

sensors-19-00407-t001_Table 1

###### 

List of emerging and endemic pathogens viruses in pigs.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Targeted Virus                                   Sample usually Used                                                                                                                                                               SWINOSTICS Approach
  ------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  African Swine Fever\                             Whole blood or blood serum in live animals. Tissues from post-mortem animals such as tonsil, spleen and lymph nodes \[[@B37-sensors-19-00407]\]                                   Oral fluid \[[@B38-sensors-19-00407],[@B39-sensors-19-00407],[@B40-sensors-19-00407]\] in live animals, blood serum from post-mortem animals \[[@B41-sensors-19-00407]\]
  (ASFV)                                                                                                                                                                                                                             

  Porcine Reproductive and Respiratory Syndrome\   Whole blood and blood serum in live animals. Tissues such as lung, respiratory tract, spleen and tonsils in post-mortem animals \[[@B42-sensors-19-00407]\])                      Oral fluid and blood serum \[[@B43-sensors-19-00407],[@B44-sensors-19-00407]\]
  (PRRSV)                                                                                                                                                                                                                            

  Swine Influenza A\                               Nasal swabs and lung tissues \[[@B45-sensors-19-00407]\]                                                                                                                          Oral fluid and nasal swabs \[[@B46-sensors-19-00407],[@B47-sensors-19-00407]\]
  (SIV)                                                                                                                                                                                                                              

  Porcine Parvovirus\                              Whole mummified small foetuses/lung tissue from aborted foetuses \[[@B48-sensors-19-00407],[@B49-sensors-19-00407]\]                                                              Oral fluid and faeces \[[@B49-sensors-19-00407]\]
  (PPV)                                                                                                                                                                                                                              

  Porcine Circovirus\                              Blood serum, bronchiolar lavage fluid, tissue homogenates                                                                                                                         Oral fluid \[[@B18-sensors-19-00407]\]
  (PCV2)                                                                                                                                                                                                                             

  Classical Swine Fever\                           Whole blood in live animals. Tissues such as tonsils, pharyngeal or mesenteric lymph nodes, spleen, kidney, and distal ileum in post-mortem animals \[[@B15-sensors-19-00407]\]   Oral fluid \[[@B40-sensors-19-00407],[@B49-sensors-19-00407]\] in live animals, blood serum from post-mortem animals \[[@B49-sensors-19-00407]\]
  (CSF)                                                                                                                                                                                                                              
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
